INTRODUCTION
Spermatogenesis is one of the most dramatic processes of differentiation, during which meiosis is followed by extensive changes in cell morphology and intracellular organization. The process involves radical alterations in the pattern of gene expression, with re-packaging and inactivation of the genome, marked shifts in mRNA processing patterns and extensive translational regulation (1) (2) (3) . In humans, >10% of cases of male infertility involve a severe or complete loss of sperm (oligospermia or azoospermia) in the absence of other defects (4, 5) , and some of these cases have been linked to deletions in three small regions of the long arm of the Y chromosome (5) (6) (7) (8) (9) . Two candidate gene families have been identified in these regions: RNA-binding motif (RBM) (6, 8) and deleted in azoospermia (DAZ) (9) . Y-linked RBM homologues are found in all mammals tested (10) , whereas DAZ is absent outside the Old World primates and may be functionally replaced by autosomal DAZH genes (11) (12) (13) .
One of the most striking observations about the two genes implicated in spermatogenesis is that both RBM and DAZ proteins have a potential RNA-binding domain belonging to the RNA-recognition motif (RRM) family (14) . In humans, both are expressed only in testis, but the autosomal DAZH is expressed in male and female germ cells in mice (15) . A more significant difference is that RBM is expressed in the nucleus of all transcriptionally active male germ cells (16) , whereas DAZH is expressed in their cytoplasm (15) .
The sequence of RBM shows several features that are consistent with a function in pre-mRNA processing: not only is it very similar to hnRNP G (8, 10, 17) (GenBank accession no. Z23064), but the RRM region has a motif found in the serinearginine (SR) protein splicing factors (14) and the central region is very rich in the SR-RS dipeptides that characterize these proteins. Further support for such a function comes from an analysis by indirect immunofluorescence of the distribution of RBM and splicing factors, including the SR proteins, in human testis. This showed that RBM co-localized in the nucleus with splicing factors in the early stages of meiosis, but thereafter separated (16) ; RBM also co-localizes with splicing factors when transfected into HeLa cells (E.M. Makarov, unpublished data).
The major difficulty in testing the proposed function for RBM in pre-mRNA processing is that its target pre-mRNA is unknown; a further complication is that it is not known whether other germ cell proteins are required. We have sought to specify the cellular pathways within which the protein acts by identifying the proteins to which it binds. The results described here show that it interacts in vitro with a novel member of a family of putative signalling proteins and may thereby link these proteins to some aspect of the regulation of premRNA processing.
RESULTS

Two-hybrid screen with RBM
Proteins interacting with RBM were identified by two-hybrid screens in yeast (18) . A total of 800 000 colonies from a human testis cDNA library was screened and 74 independent positive colonies isolated and sequenced. Of the 74 isolates, 24 overlapped and were derived from the same novel cDNA. Twentytwo of these had different 5' ends and were, therefore, independent clones. This transcription unit was designated as T-STAR (see below). A further eight were assigned to SAM68, a KH domain RNA-binding protein that is nuclear but, during mitosis, becomes associated with and phosphorylated by the Src proto-oncogene family and CDC2 (19) (20) (21) (22) . Most of the other isolates also represented multiple independent isolates of known or novel cDNA sequences, and only nine cDNA sequences (in 10 clones) were of no apparent functional relevance.
The sequence of RBM can be divided into four separate regions ( Fig. 1) : the N-terminal RRM domain (14) , four tandem repeats of a 37 amino acid sequence rich in S, R, G and Y (the SRGY repeats), the region between the RRM and the SRGY repeats, and the C-terminus. These were tested separately for interactions with T-STAR and SAM68 (Fig. 1) . The SRGY repeats were sufficient for a strong interaction with T-STAR, but with SAM68 the signal was extremely faint unless the two flanking regions were present. The four tandem SRGY repeats of RBM were tested in various combinations. Any two of the repeats gave a positive signal with T-STAR, whereas no single 37 amino acid repeat was sufficient. We conclude that the SRGY repeats of RBM can mediate its interaction with T-STAR, but that additional sequences are required for association with SAM68.
T-STAR/ÉTOILE
The sequence of the protein encoded by T-STAR is shown aligned with other proteins in Figure 2 . The T-STAR cDNA inserts ranged in size from 1.2 to 1.9 kb, and all had a poly(A) tail. The initiation codon is assigned only tentatively. Despite repeated efforts, no cDNA clones could be isolated that extended the sequence more than~300 nucleotides 5' of the initiation codon, possibly because the sequence is very rich in G+C. A genomic sequence showed no termination codons in the 600 nucleotides upstream of the initiation codon. The provisional initiation codon is flanked by a reasonable Kozak consensus, unlike other AUG sequences in the 5' part of the sequence. The predicted polypeptide of 346 amino acids is very closely related to SAM68 (Fig. 2) and thus also belongs to the protein family designated as STAR (for signal transduction and activation of RNA) (23) . Based on the preponderance of the mRNA in testis in humans, we designated the cDNA and presumptive protein T-STAR (GenBank accession no. AF069681). The isolates varied in their 3'-untranslated region (3'-UTR) sequences. Half of them had one sequence, whereas the other half diverged at a point 62 nucleotides 3' of the termination codon and ended at any one of three different polyadenylation sites.
The mouse homologue of T-STAR was also cloned. An adult mouse retina library was screened and, out of 10 6 clones, 14 positives were isolated and sequenced. The inserts ranged in size from 1.5 to 2 kb, many containing a poly(A) tail. The protein sequence encoded is aligned with that of T-STAR in Figure 2 . Over 346 amino acids, the sequences are 95.9% identical, and they are similar in 99.4% of positions. We conclude that this sequence, designated étoile (étle; GenBank accession no. AF079763), is the mouse homologue of T-STAR. The same sequence has been entered also as SLM-2 (24), with accession no. AF099092. The sequence of étoile revealed that it too had a very G+C-rich 5' end, and could not be extended further thañ 300 nucleotides upstream of the putative initiation codon. However, the nucleotide sequence of this region does not match the corresponding sequence in T-STAR very well, apart from the 20 nucleotides prior to the probable initiation codon. This strengthens the argument for the putative initiation codon, and we infer that the upstream region may be a G+C-rich 5'-UTR. A preliminary analysis suggests that the mouse gene is composed of at least five exons and covers at least 40 kb.
The major features of T-STAR/ÉTOILE and SAM68 are shown in a multiple alignment in Figure 2 . The sequences of T-STAR/ÉTOILE and SAM68 are more closely related than any other pairs among STAR family members. Like all the STAR proteins, T-STAR/ÉTOILE has a potential RNA- binding domain, referred to as a maxi-KH domain (pink). The prototypical KH domains were shown to bind to RNA (25) (26) (27) , but structural analysis and alignments defined an extended maxi-KH domain (28) . Among the KH domain-containing proteins, the STAR family are unique in having a long and well conserved loop in the KH domain (28) and conserved sequences flanking the domain [known as QUA1 and QUA2 (23) or GSG (29) ]. The KH domain in SAM68 is required for RNA binding (30) , but it is also involved in RNA-dependent oligomerization of SAM68 and other STAR proteins (30) .
In both SAM68 and T-STAR/ÉTOILE, the sequences following QUA2 are rich in prolines and arginine-glycine (RG) dipeptides, but the proline tracts are rather reduced in T-STAR/ ÉTOILE and there is, in fact, only one potential SH3-binding site (31) , compared with the three in SAM68. The remarkable C-terminal tyrosine-rich tail of some STAR family proteins 
Expression of T-STAR/étoile
Hybridization of a cDNA probe to a northern blot from various tissues is shown in Figure 3 . Based on the signal strength compared with that of the β-actin control, T-STAR mRNA is relatively abundant in testis, and less so in brain. Elsewhere, expression is weak or negligible. The principal mRNA was 2.4 kb in length; the appearance of a longer isoform in brain tissue has not been verified. A similar distribution was seen in murine tissues (data not shown).
Antibodies were raised against T-STAR and affinity purified. On western blots, these detected a single major band of the same mobility in human, mouse and rat testis (Fig. 4a) , which was substantially smaller than SAM68. Given that there were no other likely initiation codons in the 600 nucleotides 5' of the putative initiation codon for T-STAR, the protein would be at least 60 kDa if initiation had occurred even further upstream, and we infer from the apparent size of 50-55 kDa that T-STAR initiates at the proposed initiation codon. T-STAR/ÉTOILE was not detected in rat kidney (Fig. 4a ) or mouse kidney, but a low level of protein was detected in mouse neural tissue (data not shown), consistent with the northern blot results (Fig. 3) . In contrast, a SAM68 polyclonal antibody detected expression in all tissues. Although it does not crossreact with ÉTOILE in rodent testis, the strong band at a higher mobility in human testis is likely to be T-STAR.
The specificity of the two antibodies for T-STAR/ÉTOILE and SAM68 in rodents allowed immunohistochemical analysis of the antigens' distributions in rat testis. In Figure 4b , positive staining produced a brown colour, blue being the haematoxylin counterstain. ÉTOILE (Fig. 4b , top panel) was present in Sertoli cell nuclei in tubules at all stages of spermatogenesis. The protein was also found in the nuclei of germ cells, where its abundance depended on the stage of differentiation: there was little in the early stages (spermatogonia and early pachytene spermatocytes), but it could be detected in mid-pachytene nuclei (stage 7 tubule), peaked at late pachytene (stage 10) and petered out in late round spermatids. SAM68 (Fig. 4b , bottom panel) was also nuclear, but, unlike ÉTOILE, its expression in Sertoli cells was weak and it was detectable in very early spermatocytes (in stage 4 tubules). It too produced only weak signals in spermatids (stage 8). The presence of ÉTOILE in the nuclei of pachytene spermatocytes is a minimum requirement for an interaction in vivo with RBM.
Mapping of T-STAR/étoile
The sequence of T-STAR was used to search the sequencetagged site (STS) database. A perfect match was found with STS WI-30203, located on human chromosome 8 (8q22-8q24.2). The murine gene was located by a comparison of the haplotype distribution of specific restriction fragment length polymorphisms (RFLPs) on the Jackson Laboratory interspecific backcross panel. This showed that étoile mapped on mouse chromosome 15 ( Fig. 5 ) and did not segregate away from D15Bir12, D15Bir13 (39 cM) or D5Mit3 (39.4 cM). These regions of human chromosome 8 and mouse chromosome 15 are syntenic, and thus the genes are almost certainly homologues. When the entire open reading frame of ÉTOILE was used to search the STS database by tBLASTN, an additional STS was found. D6S1710 maps to chromosome 6 and matches at 36 of 38 amino acids (amino acids 92 and 93 were T and G instead of L and T, respectively), but it does not correspond to any identified STAR protein. It is likely to represent a third member of the Sam68 subfamily, recently identified as SLM-1 (24) .
Intranuclear distribution of T-STAR/ÉTOILE
The reading frames of T-STAR and étoile were fused to green fluorescent protein (GFP) and expressed transiently in HeLa cells. The GFP signal was detected directly, and other proteins were detected by immunofluorescence. GFP itself was expressed throughout the cell (Fig. 6A) , whereas the T-STAR fusion was excluded from the nucleus when the C-terminal five amino acids of T-STAR were replaced with 23 amino acids of an arbitrary sequence (Fig. 6B) . This is consistent with results showing that the accumulation of transfected GFP-SAM68 in the nucleus of NIH-3T3 cells depended on the C-terminal 24 amino acids (32) . The C-terminal sequence . When intact GFP-T-STAR was expressed, it entered the nucleus and presented a speckled pattern, with a very striking accumulation in bright spots adjacent to the nucleolus (Fig. 6C, E and G) . A perinucleolar compartment (PNC) has been described previously (33) (34) (35) . Immunofluorescence with an anti-polypyrimidine tract-binding protein (PTB) antibody showed that the PNC fluorescence did not coincide with the GFP-T-STAR (compare Fig. 6C and D) . It is also distinct from coiled bodies, probed with an anti-coilin antibody ( Fig. 6E and F) , and the bright spots are not detected by an antibody that detects the Sm proteins, core components of the small nuclear ribonucleoprotein particles (snRNPs; Fig. 6G and H) . We conclude that GFP-T-STAR is concentrated into novel discrete structures in HeLa cells. A GFP-ÉTOILE fusion was evenly distributed in the nucleoplasm when expressed in COS cells and mouse 3T3 cells ( Fig. 7A and B) , but in HeLa cells >85% (52/60) of cells showed two bright spots, with fewer examples of zero, one or three spots (Fig. 8C and D) . Inhibition of transcription with actinomycin D led to an accumulation of smaller dots throughout the nucleus (data not shown).
Interactions of T-STAR
T-STAR was tested in the yeast two-hybrid system for interactions with a variety of proteins, all of which have RNA-binding domains. The results are shown qualitatively in Table 1 . T-STAR interacted with two groups of proteins: STAR proteins (itself and SAM68) and members of the hnRNP G family (hnRNP G, RBM and hnRNP G-T, the last being a novel testisspecific member; J.P. Venables, unpublished data). It did not interact with hnRNP K (36) or several SR or related proteins: Tra2 (37-39), SRp30C (40) or 9G8 (41) . All of these proteins were positive in combination with other DNA-binding domain fusions (data not shown). SAM68 interacted with the same set of proteins, with the interesting difference that hnRNP K was positive. The interactions of T-STAR with itself and SAM68 were expected on the basis of previous evidence of interactions among STAR family members (30, 42) . However, the interaction with hnRNP K is of interest because this protein also has a KH domain, is bound by SH3 domains, is phosphorylated and is superficially analogous in a number of respects to SAM68 (43) .
In vitro analysis of interactions
The binding properties of T-STAR/ÉTOILE were tested in vitro. The expected RNA-binding ability was confirmed by demonstrating that ÉTOILE bound weakly but significantly to total brain RNA in 100 mM NaCl (data not shown). To test the specific protein interactions detected in the two-hybrid system, GST fusions with the SRGY and RRM domains of RBM and with SH2/SH3 domains were expressed in Escherichia coli and purified from a lysate on glutathione-agarose. Proteins translated and thereby labelled in vitro in a reticulocyte lysate were added directly to the beads and incubated in the presence of RNase A (to abolish RNA-mediated interactions). The bound proteins were quantified in terms of the proportion of 35 S-labelled proteins (luciferase, hnRNP A1 and T-STAR, as marked above the image) were produced by translation in vitro and mixed with glutathione-agarose beads to which GST, GST-RRM domain, GST-SRGY domain or GST-SH2/SH3 fusion proteins (designated G, R, S and 2/3, respectively) had been bound. After incubation in the presence of RNase and washing, the beads were boiled in SDS and the proteins detected by SDS-PAGE, as shown. Lanes 1, 6 and 11 show the input labelled proteins. Figure 8 shows one set of comparisons. Luciferase and hnRNP A1 were used as control ligands. GST-SRGY bound a high proportion of the input T-STAR (lane 14 versus 11), whereas it bound a very low proportion of hnRNP A1 (lanes 9 and 6) and no luciferase (lanes 4 and 1) . The bound hnRNP A1 was washed off in high salt (0.6 M), whereas T-STAR was not (data not shown). GST-RRM bound likewise, but at an extremely low level; there was almost no binding in any case to GST. A high proportion of T-STAR was also bound by the SH2/SH3 domains (lanes 15 and 11), whereas neither hnRNP A1 nor luciferase bound (lanes 10/6 and 5/1). The apparent preference of the SH2/SH3 domains for the T-STAR translation product of lowest mobility is not inconsistent with our identification of possible SH3-binding sites at amino acids 256-262 in T-STAR/ÉTOILE. We conclude that there was specific binding of T-STAR to RBM and to SH2/SH3 domains by protein-protein interactions.
DISCUSSION
RBM is an RNA-binding protein that is expressed only in male germ cells; it is particularly intriguing because the genetic evidence suggests that it plays an essential role in the formation and differentiation of sperm. We have reported here that it interacts with a novel member of the STAR family of proteins, and we have characterized the novel gene in terms of the expression of its mRNA and its map position, the ability of the encoded protein to bind RNA and specific proteins, its developmental regulation during spermatogenesis and the nuclear location of the protein.
The initial identification of T-STAR as a partner for RBM arose from a yeast two-hybrid screen of a cDNA library derived from testis. T-STAR was the prevalent interaction detected in a screen in which surprisingly very few obvious false positives were detected. Most of the other proteins detected were RNA-binding proteins but, as with T-STAR (Fig. 8) , binding reactions done in vitro have shown that none of the interactions yet tested arose from binding of non-interacting proteins to bridging RNA (i.e. the interactions were not abolished by treatment with RNase; J.P. Venables, unpublished data). Instead, the interactions appear to be directly between the protein partners. Furthermore, although T-STAR interacted with proteins with RNA-binding domains of the RRM and KH classes, it did not do so with other representatives of both classes (SR proteins and hnRNP K in Table 1) , from which we infer that the interaction is not based on a fortuitous affinity between T-STAR and either RNA-binding domain and that the interaction with RBM is specific. It remains to be determined whether the large number of T-STAR clones found (32%) is a function of either the abundance of T-STAR testis mRNA or the affinity of the interaction. We have not yet determined whether these proteins interact in vivo, because it is difficult to prepare testis extracts in which RBM is soluble. However, these two proteins with very different RNA-binding domains are both expressed in spermatocytes and it remains tempting to suppose that they interact.
Within the nucleus, GFP-fused T-STAR is detected in both a diffuse speckled pattern and in spots adjacent to the nucleolus. These features are reminiscent of the PNC, in which there are accumulations of hnRNP I/PTB and pyrimidine-rich small RNA molecules transcribed by polymerase III (33) (34) (35) , coiled bodies (44) and gems, often paired with coiled bodies, in which SMN accumulates (45) . However, co-localization with these sites was tested and excluded ( Fig. 6 ; gems were excluded because there was no close association with coiled bodies). Thus, it is possible that this represents a new nuclear compartment (a STAR site, perhaps). The number, size and distribution of sites are not dissimilar to the OPT domains described recently (46) , in which specific transcription factors accumulate in transcription factories. Thus, the STAR sites may be the result of accumulation of T-STAR at sites of transcription of specific target pre-mRNA sequences, each site comprising a single gene or a collection of related genes. However, T-STAR is not naturally expressed at a high level in HeLa cells, and it is possible that other specific components are required for its correct localization.
Some of the protein interactions described here for T-STAR show that it has the defining properties of the SAM68 subfamily. The demonstration that T-STAR and SAM68 bind to themselves and each other is as expected for members of this group (30) and tends to validate the ability of the yeast assay in this case to detect relevant interactions. Similarly, the interaction of T-STAR with fused SH2/SH3 domains in vitro is consistent with previous work demonstrating that some members of the STAR family interact with numerous SH2-and SH3-containing proteins that might be involved in regulating their activity in response to external signals (19, 20, (47) (48) (49) (50) (51) .
Despite extensive investigations into the properties of the STAR proteins, their possible biochemical roles are only just emerging. The major impediment has been the lack of useful information regarding downstream targets. The only clue hitherto to their activities is the property of binding RNA. SAM68 has been shown to bind preferentially to a UAAA sequence via the KH domain (22, 52) , but this sequence is insufficient to suggest a mechanism of action. It has been suggested that RNA binding partitions SAM68 away from a signalling function, because tyrosine phosphorylation of the C-terminal region of SAM68 by Src kinases reduced binding to poly(U) RNA (30, 53) . However, poly(U) binding is not disrupted by key mutations in the KH domain (22) , and the results might be explained simply if phosphorylation were to block artefactual non-specific binding, as has been observed in some SR proteins (54, 55) .
Mechanistic roles have been assigned to two STAR proteins, GLD-1 and SF1/mBBP. GLD-1 was found to be the translational repressor that bound specifically to the 3'-UTR of the Caenorhabditis elegans gene tra-2 (56) . A mouse STAR protein, QuakingI-6, is able to substitute for GLD-1 (57) . SF1/ mBBP is a more distant member of the family. This has a KH domain and a potential zinc knuckle, and it was reported originally to bind with little specificity but a preference for sequences rich in G or U (58); the maxi-KH domain mediated RNA binding (59) . The protein is associated with early splicing complexes and interacts with U2AF65, a protein known to bind to polypyrimidine tracts near the 3' end of an intron (59, 60) . SF1/mBBP was found to bind RNA sequences resembling the weakly conserved branchpoint (61), and it has been shown recently that the interaction of SF1/mBBP with U2AF65 leads to synergistic binding to their two adjacent sequence elements near the 3' splice site (62) .
The interaction of T-STAR/ÉTOILE with RBM suggests possible functions and mechanisms for the SAM68-like proteins. Given that RBM and U2AF65 both have RRM-type RNA-binding domains and SR-rich domains (14) , it is at least possible that the interaction of T-STAR/ÉTOILE with RBM resembles that of SF1/mBBP with U2AF65, and that the two proteins interact cooperatively to bind a bipartite functional splicing element. This is reinforced by evidence that RBM also interacts with other proteins that are likely to act as splicing enhancer factors (J.P. Venables, unpublished data). The interactions must differ in detail, however, because the interaction of U2AF65 with SF1/mBBP involves the third RRM domain of U2AF65 (62), whereas RBM binds via its SRGY repeat domain to T-STAR.
The observation that T-STAR/ÉTOILE is expressed in tissues other than the testis and in Sertoli cells suggests that its function is not restricted to binding to RBM. Table 1 shows that both T-STAR/étoile and SAM68 interact with other members of the hnRNP G family. One very attractive possibility is that there are other tissue-specific members of the hnRNP G family, neural ones in particular, and that these constitute a class of tissue-specific splicing enhancer proteins that are regulated by or bind alongside T-STAR. SAM68 might regulate alternative RNA processing ubiquitously by binding hnRNP G and its relatives during, for example, specific stages of the cell cycle. Further investigations into the targets of these proteins might lead to assays by which the functional importance of the interactions of SAM68 and T-STAR can be tested.
MATERIALS AND METHODS
Yeast two-hybrid screen
The sequence corresponding to the RBM coding region (amino acids 1-496) was cloned by PCR of pMK5 (8) with EcoRI and BamHI linkers into pAS2.1 (Clontech, Palo Alto, CA). The region downstream of the RRM (residues 88-496) and three sections of this (residues 88-226, 225-375 and 374-496) were also cloned in the same manner. Nine combinations of the SRGY boxes (all possible contiguous trimers, dimers and monomers) were cloned using a similar strategy. The three dimers shown in Figure 1 encoded residues 220-295, 257-332 and 294-369.
RBM in pAS was transformed into yeast strain Y190 and used to screen 800 000 colonies from a human testis Matchmaker library in pACT (Clontech) by selecting for growth on 25 mM 3-amino-1,2,4-triazole and subsequently screening for blue colour of streaked on colonies by a filter lift assay with Xgal, according to the supplied protocol. Plasmid DNA from yeast was transfected into E.coli HB101 and grown on leumedium, before co-transformation of the DNA into yeast with RBM in pAS or pAS alone. Six colonies were streaked onto filters which were placed on agar for 1 day before filter lift assaying. In most cases, all of the six colonies were blue. The interactions were scored as +++, ++ and + according to the following criteria: each of the six or more colonies was assigned a score of 3, 2 or 1 for strong, medium or weak blue colours, and the average score calculated; an average of >2 scored +++; >1, ++; and >0, +. RBM, T-STAR and SAM68 interactions were positive in both combinations of the DNA-binding and activation domain plasmids. Plasmids that were scored as positive were also tested in co-transformations with the various combinations of domains of RBM.
To test interactions between specific proteins, the RBM coding region was cloned by PCR with BamHI and SacI linkers into pACT2. The full coding region of hnRNP G was cloned from plasmid V5 (17) into pAS2.1 using BamHI and EcoRI linkers, as was the putative coding region of T-STAR and the corresponding region of SAM68 (starting from Met97). pAS and pAct constructs were then co-transfected and assayed as before.
Cloning of T-STAR/étoile
Cloning of the mouse homologue was done via RT-PCR with the primers HW2, 5'-TGG CGG TTG GAG GTC TTG TA-3'; and HW3, 5'-GAG AAG CGA AGT ACT TCC ATC-3'. The product was used to screen 10 6 clones from a 1-month-old BALB/c retina library from the American Tissue Culture Collection (ATCC, Rockville, MD; ATCC no. 77448). The inserts were subcloned in plasmid pBluescript KS using EcoRI and XhoI and sequenced manually (Sequenase; USB, Cleveland, OH) or automatically (ABI Prism 377; Perkin Elmer, Foster City, CA). The genomic organization was analysed by Southern blots (NYTRAN membranes; Schleicher and Schuell, Keene, NH) of DNA restricted with EcoRI, BamHI, HindIII, KpnI and XbaI.
A T-STAR genomic clone was isolated by screening a human PAC library (UK HGMP Resource Centre, Cambridge, UK).
Northern blots
For the human mRNA blot, a Multiple Choice blot (Origene, Rockville, MD) was probed according to the manufacturer's protocol. The probe was made by random primer labelling of a gel-purified 267 bp ApaI fragment from the 5' end of T-Star cDNA. For analysis of murine mRNA, RNA was prepared by the LiCl/urea method (63), separated by electrophoresis on a 1% agarose-formaldehyde gel and blotted on a Nytran membrane (Schleicher and Schuell) according to the manufacturer's instructions. Probes were prepared from étoile by random priming. Filters were washed three times for 20 min each at 65°C with 0.1× SSC, 0.5% SDS.
Antibodies, western blots and immunohistochemistry
Antisera against T-STAR were raised in rabbits against a GST fusion of amino acids 180-248, chosen because it was least like SAM68. For affinity purification, a His tag fusion of the same portion was expressed by purification of the fusion on nickel beads (Talon; Clontech), followed by SDS-PAGE, blotting, excision of the band containing the fusion protein and incubation with the antiserum. Antibodies were eluted in glycine (pH 2.5), neutralized and used directly. Affinity-purified SAM68 antisera were from Santa Cruz Biotechnology (Santa Cruz, CA). Tissues were homogenized, resuspended in an equal volume of 2× Laemmli buffer and adjusted to 0.1 M dithiothreitol (DTT). For western blotting, the T-STAR and SAM68 antibodies were used at dilutions of 1:50 and 1:7500, respectively. Detection was by enhanced chemiluminescence (Amersham, Little Chalfont, UK).
Adult rat testis was fixed by perfusion with Bouins and embedded in paraffin wax. Sections of 5 µm were attached to microscope slides coated with 3-aminopropyltriethoxysilane (Sigma, St Louis, MO). Antigen retrieval by microwaves and immunohistochemical methods were as described (64) . T-STAR and SAM68 antibodies were diluted 1:3 and 1:50, respectively. As a pre-absorption control, the anti-T-STAR antibody was incubated for 1 h with the immunizing protein; this eliminated the positive signals. Detection was by sequential incubation with a biotinylated secondary antibody (1:400; Dako, Carpinteria, CA) and streptavidin-horseradish peroxidase (Dako), followed by incubation with diaminobenzidine. The counterstain was Harris haematoxylin.
Chromosomal mapping
Mouse étoile was localized by haplotype analysis of 94 progeny from an interspecific backcross (C57BL/6JEi×SPRET/ Ei)×SPRET/Ei (BSS panel) from the Jackson Laboratory (Bar Harbor, ME) (65) using the enzyme PstI. The scoring is available on the Internet at the following address: http:// www.jax.org/resources/documents/cmdata/bkmap/BSS.html . The mapping data were submitted to GenBank (accession no. J51699).
RNA-binding assays
In vitro transcripts of étoile were translated into 35 S-labelled protein using the Retic Lysate IVT kit (Ambion, Austin, TX). Total RNA from adult mouse brain was incubated at 1 mg/ml with the same volume of 0.5 mg/ml photoactivated biotin acetate (Sigma). Biotinylation was performed at 4°C with sunlight. The excess of free biotin was eliminated by butanol extraction, and the RNA was bound to streptavidin-agarose (Sigma). For the binding assay (66) , approximately one-third of the 35 S-labelled protein generated in an in vitro translation reaction was added to 50 µg of biotinylated RNA-agarose resin in 0.5 ml of binding buffer (10 mM Tris-HCl pH 7.5, 2.5 mM MgCl 2 , 0.5% Triton X-100, 0.1 mg/ml bovine serum albumin and NaCl ranging from 50 to 400 mM). A 20 mg aliquot of E.coli tRNA was added as non-specific competitor RNA. The mixture was incubated for 30 min with agitation at 4°C. The beads were washed five times with cold binding buffer. Proteins binding to RNA were boiled in SDS-protein sample buffer and separated on SDS-PAGE. The signal was detected by phosphoimaging.
GFP-T-STAR fusions and immunofluorescence
A T-STAR DNA fragment encoding the entire reading frame was amplified by PCR and cloned in-frame into XhoI and EcoRI sites of pEGFP-C1 (Clontech). The C-terminus of T-STAR was mutated to create a -2 frameshift just 5' of the termination codon. Constructions were verified by sequencing.
HeLa cells were plated on UV-treated glass coverslips in 3.5 cm diameter wells 12 h before transfection. Then 2 µg of pEGFP-Jul68 was transfected into each well using Fugene 6 (Boehringer Mannheim, Indianapolis, IN) following the manufacturer's protocol. At 12 h after transfection, cells on coverslips were fixed with 2% paraformaldehyde, permeabilized with 0.2% Triton X-100 and 1% NGS in phosphate-buffered saline (PBS), washed in 1% NGS in PBS and subjected to immunofluorescence (67) .
Y12 mouse hybridoma anti-Sm (68) supernatant (from cell stocks maintained at the Cold Spring Harbor Laboratory Monoclonal Antibody facility, Cold Spring Harbor, NY) was diluted 1:5 before use. Anti-coilin human antiserum (69) was used at a 1:100 dilution. Anti-PTB mouse hybridoma supernatant was obtained from David Spector (35) , and used at a 1:5 dilution. Texas red-conjugated goat anti-mouse (Jackson Laboratories) or goat anti-human (Vector Laboratories, Burlingame, CA) secondary antibodies were used to detect primary antibodies.
Cells were visualized by fluorescent microscopy (Axiophot; Zeiss, Jena, Germany) and images were acquired using a cooled CCD camera (SenSys; Roper Scientific, Trenton, NY) with OncorImage software.
In vitro assays of protein interaction
GST fusions of the RRM (amino acid residues 1-98) and SRGY (residues 220-375) regions of RBM were constructed in pGex2-T by PCR cloning using BamHI and EcoRI linkers. These were transformed into BL21-DE3, along with GST-SH2/3 in pGex (70) . Protein was produced by induction with 0.2 mM isopropyl-β-D-galactopyranoside (IPTG) for 2 h followed by centrifugation and two sonications for 20 s (in PBS + 2 mM DTT and proteinase inhibitors), and centrifugation again. Supernatants were bound to glutathione-agarose for 1 h and washed four times in D.Glu-full (80 mM K glutamate, 20 mM TEA pH 7.8, 5% glycerol, 0.2 mM EDTA, 1.5 mM DTT, 0.1% Tween). In vitro labelled proteins were added and incubated overnight at 4°C in a final volume of 400 µl of D.Glu-full. Beads were then washed as before and boiled in SDS dyes for 12% SDS-PAGE.
In vitro labelled proteins incorporating [ 35 S]methionine were translated from in vitro transcripts (25 ng/µl) in Promega rabbit reticulocyte lysate. HnRNPA1 was transcribed from pET9-hnRNPA1 (71), linearized with BamHI. The PCR product used for cloning T-STAR into pAS was cloned into pcDNA3 EcoRI-BamHI sites, and the product linearized with BamHI for transcription. 
